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Magnolol attenuates VCAM-1 expression in vitro in
TNF-o-treated human aortic endothelial cells and in vivo in the
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1 In a previous study, we showed that magnolol, a potent antioxidant derived from a Chinese herb,
attenuates monocyte chemotactic protein-1 (MCP-1) expression and intimal hyperplasia in the
balloon-injured aorta of cholesterol-fed rabbits. Expression of cell adhesion molecules by the arterial
endothelium and the attachment of leukocytes to the endothelium may play a major role in
atherosclerosis. In the present study, the effects of magnolol on the expression of endothelial-
leukocyte adhesion molecules and the activation of nuclear factor kappa B (NF-xB) in tumour
necrosis factor-o (TNF-o)-treated human aortic endothelial cells (HAECs) were investigated.

2 Pretreatment of HAECs with magnolol (5 uM) significantly suppressed the TNF-a-induced
expression of vascular cell adhesion molecule-1 (VCAM-1) (64.8+1.9%), but had no effect on the
expression of intercellular cell adhesion molecule-1 and endothelial cell selectin.

3 Magnolol (5 and 10 uMm) significantly reduced the binding of the human monocytic cell line,
U937, to TNF-a-stimulated HAECs (58.4 and 56.4% inhibition, respectively). Gel shift assays using
the *P-labelled NF-xB consensus sequence as probe showed that magnolol pretreatment reduced the
density of the shifted bands seen after TNF-a-induced activation. Immunoblot analysis and
immunofluorescence staining of nuclear extracts demonstrated a 58% reduction in the amount of
NF-xB p65 in the nuclei in magnolol-treated HAECs. Magnolol also attenuated intracellular H,O,
generation in both control and TNF-« treated HAECs.

4 Furthermore, in vivo, magnolol attenuates the intimal thickening and TNF-o and VCAM-1
protein expression seen in the thoracic aortas of cholesterol-fed rabbits.

5 Taken together, these data demonstrate that magnolol inhibits TNF-z-induced nuclear
translocation of NF-xB p65 and thereby suppresses expression of VCAM-1, resulting in reduced
adhesion of leukocytes. These results suggest that magnolol has anti-inflammatory properties and
may play important roles in the prevention of atherosclerosis and inflammatory responses in vivo.
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Introduction

Magnolia officinalis, a Chinese medicinal herb, has long been
used for the treatment of fever, headache, anxiety, diarrhoea,
asthma, and stroke. Magnolol, a compound purified from
this herb, has vascular smooth muscle relaxant activity (Teng
et al., 1990), an antithrombotic effect (Teng et al., 1991), and
anti-inflammatory and analgesic effects (Wang et al., 1992). A
number of other pharmacological effects of magnolol have
also been found, including inhibition of neutrophil adherence

*Author for correspondence at: Institute of Anatomy and Cell
Biology, School of Life Science, National Yang-Ming University, No.
155, Section 2, Li-Nong Street, Shih-Pai, Taipei 112, Taiwan;
E-mail: chenyl@ym.edu.tw

(Shen et al., 1998), prevention of ischaemic-reperfusion injury
(Hong et al., 1996), and, most importantly, strong antiox-
idant activity (Chan et al., 1996; Chang et al., 1994; Teng et
al., 1991).

Since magnolol inhibits acyl-CoA: cholesterol acyltransfer-
ase, which catalyzes cholesterol esterification and facilitates the
accumulation of intracellular cholesterol, both of which are
involved in the pathogenesis of atherogenesis, it can be
considered as a cholesterol lowering agent for the treatment
of hypercholesterolaemia and atherosclerosis (Kwon et al.,
1997). More recently, it has been shown to effectively prevent
neointimal hyperplasia in the balloon-injured aorta of
cholesterol-fed rabbits (Chen et al., 2001b). We were therefore
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interested in understanding the underlying mechanism of
action of magnolol in endothelial cells and determining whether
it stimulates or blocks the expression of adhesion molecules.

The adhesion of circulating leukocytes to the vascular
endothelium is a critical early event in the development of
atherosclerosis (Joris et al., 1983; Faggiotto et al., 1984). This
localized accumulation of leukocytes is mediated by en-
dothelial expression of specific adhesion molecules, such as
vascular cell adhesion molecule-1 (VCAM-1), intercellular cell
adhesion molecule-1 (ICAM-1), and endothelial cell selectin
(E-selectin) (Cybulsky & Gimbrone, 1991; Price & Loscalzo,
1999). Increased expression of adhesion molecules by ECs in
human atherosclerotic lesions may lead to further recruitment
of leukocytes to atherosclerotic sites (Van der Wal et al.,
1992; O’Brien et al., 1993). Regulation of adhesion molecule
expression occurs at the transcriptional level and is mediated,
at least in part, by the redox-sensitive transcription factor,
nuclear factor-kB (NF-xB) (Collins et al., 1995). Inducers of
NF-«B activation, such as TNF-o, phorbol 12-myristate 13-
acetate, or u.v. radiation, cause oxidative stress, suggesting
that the induction of radical oxygen species (ROS) is a signal
common to a wide variety of NF-xkB-inducing conditions
(Muller et al., 1997). Although these inducible molecules have
received considerable attention, little is known about the
effects of magnolol on adhesion molecule expression, and a
better understanding of this might provide important insights
into the prevention of atherogenesis.

Possible effects of magnolol on adhesion molecule
expression could play a key role in the prevention or
treatment of cardiovascular disorders. We therefore tested
the ability of magnolol to modulate the expression of
adhesion molecules and transcriptional factor NF-xB by
human aortic endothelial cells (HAECs). We also attempted
to identify the ROS involved in this degradation. In addition,
we studied the effects of magnolol on the intimal thickening
and adhesion molecule expression seen in cholesterol-fed
rabbits. Our study shows that magnolol attenuates the
expression of VCAM-1 both in vitro and in vivo, and that
this effect is mediated by partial blockage of NF-xB
expression. Magnolol also significantly inhibits adhesion of
the human monocytic cell line, U937, to HAECs.

Methods
Materials

Human aortic endothelial cell (HAEC) growth medium
(medium 200), low serum growth supplement (LSGS),
trypsin/EDTA solution (TE), and trypsin neutralizer solution
(TN) were obtained from Cascade Biologics Inc., U.S.A.
RPMI-1640 medium, foetal bovine serum (FBS), and the
antibiotic-antimycotic mixture were obtained from GIBCO
BRL (U.S.A.). Magnolol was obtained from the Pharmaceu-
tical Industry Technology and Development Center, Taiwan.
2',7 - bis(2 - carboxyethyl) - 5(6) - carboxyfluorescein  acetoxy-
methyl ester (BCECF-AM) and 2',7-dichlorofluorescein
diacetate (DCFH-DA) were obtained from Molecular Probes,
U.S.A. Mouse antibodies directed against human NF-xB p65
were obtained from BD Transduction Laboratories, U.S.A.
Goat antibodies against human VCAM-1, ICAM-1 and E-
selectin were obtained from R&D Systems, U.S.A.

Culture of HAECs

HAECs were obtained as cryopreserved tertiary cultures from
Cascade Biologics (OR, U.S.A.) and were grown in culture
flasks in endothelial cell growth medium supplemented with
2% FBS, 1 ug ml~' of hydrocortisone, 10 ng ml~' of human
epidermal growth factor, 3 ng ml~' of human fibroblast
growth factor, 10 ug ml~' of heparin, 100 units ml~' of
penicillin, 100 pg ml~" of streptomycin, and 1.25 ug ml~' of
Fungizone. The cells were cultured at 37°C in a humidified
atmosphere of 95% air, 5% CO, and used between passages
3 and 8. The purity of the cultures was verified by staining
with monoclonal antibody against human von-Willebrand
factor (VWF).

Cell viability assay using MTT

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay was used to measure cell viability (Welder,
1992). The principle of this assay is that mitochondrial
dehydrogenase in viable cells reduces MTT to a blue
formazan. Briefly, cells were grown in 96-well plates and
incubated with various concentrations of magnolol for 24 h,
then 100 ul of MTT (0.5 mg ml~') was added to each well
and incubation continued at 37°C for an additional 4 h. The
medium was then carefully removed, so as not to disturb the
formazan crystals formed. Dimethyl sulphoxide (DMSO;
100 ul), which solubilizes the formazan crystals, was added to
each well and the absorbance of the solubilized blue
formazan read at 530 nm (reaction) and 690 nm (back-
ground) using a DIAS Microplate Reader (Dynex Technol-
ogies, U.S.A.). The reduction in optical density caused by
cytokine and magnolol was used as a measurement of cell
viability, normalized to cells incubated in control medium,
which were considered 100% viable.

Cell enzyme-linked immunosorbent assay (cell ELISA)

To measure cell-surface expression of adhesion molecules,
HAECs in 96-well plates were pretreated for 18 h with the
indicated concentrations of magnolol, then stimulated for 6 h
at 37°C with 2 ng ml~' of TNF-« in the continued presence
of magnolol. Specific goat antibodies against human VCAM-
1, ICAM-1, or E-selectin (0.5 ug ml~' in HBSS containing
1% skim milk, R&D) were added for 30 min at room
temperature to separate wells, then the wells were washed
with HBSS containing 0.05% Tween-20, incubated for 1 h at
room temperature with horseradish peroxidase-conjugated
rabbit anti-goat IgG (0.5 ug ml~' in HBSS containing 1%
skim milk), washed, and the bound antibody detected by
incubating the plates in the dark for 15 min at room
temperature with 100 ul of 3% o-phenylenediamine and
0.03% H>0O, in a mixture of 50 mMm citrate buffer and
100 mM phosphate buffer, pH 7.4. The reaction was stopped
by addition of 50 ul of 2 M H,SO,. Plates were read on an
ELISA plate reader at 490 nm using rows stained only with
second step antibody as blanks.

Western blot analysis

Cells were pretreated for 18 h at 37°C with 5 uM magnolol,
then stimulated for 6 h at 37°C with 2 ng ml~' of TNF-« in
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the continued presence of magnolol. They were then washed
with phosphate-buffered saline, pH 7.4 (PBS), centrifuged for
10 min at 4°C at 1200 x g, and lysed for 1 h at 4°C with lysis
buffer (NaCl 0.5 M, Tris 50 mMm, EDTA 1 mMm, 0.05% SDS,
0.5% Triton X-100, PMSF 1 mMm, pH 7.4. The cell lysates
were centrifuged at 4000xg for 30 min at 4°C. Protein
concentrations in the supernatants were measured using a
Bio-Rad protein determination kit (Bio-Rad, Hercules, CA,
U.S.A.)). The supernatants were subjected to 8% SDS-
PAGE, then transferred for 1 h at room temperature to
polyvinylidene difluoride (PVDF) membranes (NEN), which
were then treated for 1 h at room temperature with PBS
containing 0.05% Tween 20 and 2% skim milk and incubated
separately for 1 h at room temperature with goat anti-
human-VCAM-1, ICAM-1, or E-selectin antibodies. After
washing, the membranes were incubated for 1 h at room
temperature with horseradish peroxidase-conjugated rabbit
anti-goat IgG. Immunodetection was performed using
Chemiluminescence Reagent Plus (NEN) and exposure to
Biomax MR film (Kodak).

Endothelial cell-leukocyte adhesion assay

HAECs (5x10°) were distributed into 24-well plates and
allowed to reach confluence. They were then incubated for
18 h at 37°C with growth medium supplemented with
magnolol at the indicated concentrations, then 6 h at 37°C
with 2 ng ml=' of TNF-z in the continued presence of
magnolol. U937 cells, originally derived from a human
histiocytic lymphoma and obtained from the American Type
Culture Collection (Rockville, MD, U.S.A.), grown in RPMI
1640 medium (M.A. Bioproducts, Walkersville, MD, U.S.A.)
containing 5% FBS, and subcultured at a 1:5 ratio three
times per week, were labelled for 1 h at 37°C with BCECF/
AM (10 uM, Boehringer-Mannheim) in serum-free RPMI
1640 media, then washed with PBS to remove free dye and
resuspended in RPMI 1640 containing 2% FBS. Labelled
U937 cells (10°) were added to each HAEC-containing well
and incubation continued for 1 h. Non-adherent cells were
removed by two gentle washes with PBS, then the number of
bound U937 cells was determined by counting four different
fields using a fluorescence microscope at x 400 magnification.
Fields for counting adherent cells were randomly selected at a
half-radius distance from the centre of the monolayers.

Nuclear extract preparation and electrophoretic mobility
shift assay (EMSA)

Nuclear protein extracts were prepared as previously
described (Chen et al., 2001a). Briefly, after washing with
PBS, the cells were scraped off the plates in 0.6 ml of ice-cold
buffer A (N-(2-hydroxyethyl) piperazine-N’'-(2-ethenesulpho-
nic acid) (HEPES) 10 mm, pH 7.9, KCI 10 mM, dithiothreitol
(DTT) 1 mM, phenylmethylsulphonyl fluoride (PMSF) 1 mM,
MgCl, 1.5 mM, and 2 ug ml~! each of aprotinin, pepstatin,
and leupeptin). After centrifugation at 300 x g for 10 min at
4°C, the cells were resuspended in buffer B (80 ul of 0.1%
Triton X-100 in buffer A), left on ice for 10 min, then
centrifuged at 12,000 xg for 10 min at 4°C. The nuclear
pellets were resuspended in 70 ul of ice-cold buffer C (HEPES
20 mM, pH 7.9, MgCl, 1.5 mM, NaCl 0.42 M, DTT 1 mM,
EDTA 0.2 mM, PMSF 1 mMm, 25% glycerol, and 2 ug ml~'

each of aprotinin, pepstatin, and leupeptin), then incubated
for 30 min at 4°C, followed by centrifugation at 15,000 x g
for 30 min at 4°C. The resulting supernatant was stored at
—70°C as the nuclear extract. Protein concentrations were
determined by the Bio-Rad method. The NF-xB probe used
in the gel shift assay was a 31-mer synthetic double-stranded
oligonucleotide (5-ACAAGGGACTTTCCGCTGGGGACT-
TTCCAGG-3; 3-TGTTCCCTGAAAGGCGACCCCTGA-
AAGGTCC-5) containing a direct repeat of the kB site.
For the electrophoretic mobility shift assay, radiolabelled
doubled-stranded DNA was made by end-labelling with
y-*?P-adenosine-5'-triphosphate (ICN) using T4 polynucleo-
tide kinase (Boehringer-Mannheim). Unincorporated nucleo-
tides were removed by gel filtration on a Sephadex G25
column (BM-Quick Spin columns DNA G25, Boehringer-
Mannheim). The DNA-binding reaction was performed for
20 min at room temperature in a volume of 20 ul, which
contained 2 pg of nuclear extract, 2—5x 10° c.p.m. ng~' of
32P-labelled NF-«kB (~1 ng), 10 ug of salmon sperm DNA
(Sigma-Aldrich), and 15 pul of binding buffer (HEPES 20 mM,
pH 7.9, 20% glycerol, KCI 0.1 M, EDTA 0.2 mM, PMSF
0.5 mm, DTT 0.5 mMm, and 5 ug ml~" of leupeptin). Nuclear
extract-oligonucleotide mixtures were separated from un-
bound DNA probe by electrophoresis through a native 5%
polyacrylamide gel (acrylamide/bisacrylamide 29:1) in
0.25x TBE (Tris-borate-EDTA buffer, pH 8.0). Gels were
vacuum-dried and subjected to autoradiography. Films were
scanned using a UMAX scanner.

NF-kB p65 expression

NF-kB p65 protein in nuclear extracts was measured using
the method of Ji ez al. (1998). A 20 ug sample of protein was
separated on a 10% SDS—PAGE and transferred to PVDF
membranes, which were then incubated for 1 h at 37°C with
primary mouse anti-human NF-xB p65 antibody followed by
horseradish peroxidase-conjugated goat anti-mouse IgG
(0.5 ug ml=") for 1 h at 37°C. Bound antibody was detected
using Chemiluminescence Reagent Plus (NEN) and exposure
to Biomax MR film (Kodak). To measure NF-xB expression
in situ, confluent HAECs (controls or 18 h magnolol-treated
cells) on slides were exposed to TNF-a (2 ng ml~') for
30 min, then fixed in 4% paraformadehyde in PBS (pH 7.4)
for 15 min at 4°C, washed with PBS, blocked for 1 h at room
temperature with 5% BSA in PBS, then reacted for 1 h at
room temperature with mouse anti-human NF-xB p65
antibody (1:500 dilution in PBS; Transduction). After
washes, the slides were incubated for 1 h at 37°C with
FITC-conjugated goat anti-mouse IgG, then viewed on a
fluorescent microscope.

Detection of hydrogen peroxide (H>05) production

The effect of magnolol on H,O, production in HAECs was
determined by a fluorometric assay using DCFH-DA as the
probe (Wan et al., 1993). This method is based on the
oxidation by H,O, of nonfluorescent DCFH-DA to fluor-
escent 2',7'-dichlorofluorescin (DCF). Confluent HAECs (10*
cells well™') in 48-well plates were pretreated for 18 h with
various concentrations of magnolol. After removal of
magnolol, the cells were washed with HBSS, then HBSS
containing 10 uM DCFH-DA was added and incubation
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continued for 45 min at 37°C. The fluorescence intensity
(relative fluorescence units) was measured at 485 nm
excitation and 530 nm emission using a Fluorescence
Microplate Reader. To determine the effects of magnolol
on H,0, generation under oxidative stress, TNF-a
(2 ng ml~") was added to the medium, then the fluorescence
intensity was measured immediately and at 15 min intervals
for 60 min. Cells were viewed using a fluorescence micro-
scopy and photographed.

Animal care and experimental procedures

Twenty male New Zealand white rabbits (2.5-3.0 kg) were
used. The experimental procedures and animal care and
handling were conducted in conformance with the guidelines
of the American Physiological Society. The protocol was
approved by the Animal Care and Use Committee of
National Yang-Ming University, Taipei, Taiwan. After one
week on a commercial rabbit chow diet, rabbits were
randomly allocated to one of two groups; both groups
received a 2% high cholesterol (HC) diet (Purina Mills Inc,
U.S.A.), but one (controls) was given a daily intramuscular
injection of vehicle (4 x 10~* M propylene glycol in normal
saline) while the other was given a daily intramuscular
injection of magnolol (M; 1 ug kg=' body wt). The dose of
magnolol used was based on published work (Hong et al.,
1996). Water was allowed ad libitum. Animals were bled
periodically for the assessment of liver function and renal
function. After 6 weeks on the diet, the rabbits were
anaesthetized with the intravenous injection of 35—
40 mg kg~' sodium pentobarbital and were sacrificed.
Thoracic aortas were gently dissected free of adhering tissues,
rinsed with ice-cold PBS, immersion-fixed in 4% buffered
paraformaldehyde, paraffin-embedded, and then cross-sec-
tioned for morphometry and immunohistochemistry. To
examine expression of VWF, TNF-a, VCAM-1, ICAM-1,
and E-selectin protein, immunohistochemistry was performed
on serial sections of the aorta. The arterial sections were
deparaffinized, rehydrated, and washed with PBS, then non-
specific binding was blocked by preincubation for 1 h at
room temperature with PBS containing 5 mg ml~' of bovine
serum albumin. Sequential serial section were incubated for
1 h at 37°C with goat anti-human vWF, TNF-a, VCAM-1,
ICAM-1, or E-selectin primary antibody (1:15 dilution in
PBS, R&D systems, U.S.A.). The sections were then
incubated with biotinylated conjugated horse anti-goat IgG
for 1 h at room temperature and antigen-antibody complexes
detected by incubation with avidin-biotin-horseradish perox-
idase complex for 1.5 h at room temperature, followed by
0.5 mg ml~' of 3,3’-diaminobenzidine/0.01% hydrogen per-
oxide in 0.1 M Tris-HCl buffer, pH 7.2, as chromogen
(Vector Lab, U.S.A.). Negative controls were performed by
omitting the primary antibodies. The whole intimal area for
each arterial cross-section specimen was determined by
computerized morphometric analysis (LV-2 image Analyzer,
Winhow Instruments, Taipei, Taiwan). Semiquantification of
antigen expression was evaluated under the light microscope
at x200 magnification. Each specimen was read by three
investigators who were blinded as to the type of immuno-
stain and they were asked to assign arbitrarily an immuno-
score of 0=no, 1=weak, 2=moderate, 3=strong and
4=very strong staining. A score of 0 was given to areas

where staining was absent or as weak as the same area on the
control section without primary antibodies incubation. A
score of 4 was given to the darkest staining intensity
observed. When staining intensities ranged between 2 levels,
for example 1 and 2, a score of 1.5 was assigned. To avoid
inter-assay variability, all sections used for quantitation were
from the same staining batch.

Statistical analysis

Results are expressed as the mean+s.e.mean. An ANOVA
and subsequent post hoc Dunnetts’ test were used to determine
the statistical significance of magnolol treatment on TNF-o-
treated HAECs in vitro studies. In addition, Student’s z-test
was employed to compare the neointimal areas and the
expressions of adhesion molecules between magnolol-treated
and magnolol-untreated groups in vivo studies. For all tests,
values of P<0.05 were considered significant.

Results
Toxicity of magnolol for HAECs

Cell viability was assessed using the MTT assay. Treatment
of HAECs with 2 ng ml~! of TNF-« for 6 h did not result in
cytotoxicity (data not shown). After 24 h incubation with 1,
10, 20, 30, 40, 50, or 60 uM magnolol, cell viability was,
respectively, 90.74+2.0, 105.6+11.4, 107.3+8.3, 81.1+9.0,
57.6+7.6, 16.24+1.5, or 0+0% of control levels, the three
highest concentrations causing a significant reduction in cell
viability.

Magnolol decreases TNF-o. induced cell surface
expression of VCAM-1, but not of ICAM-1 or E-selectin,
in HAECs

Since, in our previous study (Chen et al., 2001a), 6 h of
treatment with 2 ng ml~' of TNF-o was found to significantly
up-regulate cell surface expression of VCAM-1, ICAM-1, and
E-selectin, unless otherwise stated, these conditions were used
throughout the present study. The effects of magnolol on
TNF-o-induced VCAM-1, ICAM-1, and E-selectin expression
by HAECs were studied by pretreating HAECs for 18 h with
5 uM magnolol before addition of 2 ng ml~' TNF-g; this
resulted in reduced cell surface expression of VCAM-1
(64.8+1.9% expression compared to TNF-a-treated HAECs),
but had no effect on cell surface expression of ICAM-1 and E-
selectin (Figure 1A). The effects of adhesion molecule
expression of magnolol for 24 h were similar to those of
magnolol treatment for 18 h. The expression of VCAM-1
declined to 65.3+2.2% as compared to TNF-a-treated
HAECs. Nevertheless, there was no significant difference in
ICAM-1 and E-selectin between the magnolol-treated and
magnolol-untreated groups.

Cytoplasmic expression of VCAM-1, ICAM-1, and
E-selectin in HAECs and the effects of TNF-o. and
magnolol

To study cytoplasmic expression of adhesion molecules,
Western blot analysis of cell lysates was performed. As
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Figure 1 Effect of magnolol on adhesion molecule expression in
HAEGCs. (A) Control cells or cells pretreated for 18 h with magnolol
were treated for 6 h with TNF-o (2 ng ml~"), and expression of the
adhesion molecules, VCAM-1, ICAM-1, and E-selectin, was
measured by cell-ELISA. Data are expressed as the mean +s.e.mean
of three experiments performed in triplicate. ¥ P<0.05 compared to
TNF-a-treated HAECs (controls). (B) Western blot analysis of
VCAM-1, ICAM-1, and E-selectin protein levels in cultured HAECs.
Three independent experiments gave similar results.

shown in Figure 1B, the amounts of VCAM-1 and ICAM-1
were very low in control untreated HAECs, but, as expected,
were enhanced by TNF-« treatment. Interestingly, E-selectin
was found to be constitutively expressed in HAECs.
Pretreatment with magnolol significantly inhibited the TNF-
o-mediated induction of VCAM-1 expression, but had no
effect on TNF-a-mediated induction of ICAM-1. TNF-o,
with or without magnolol, had no effect on E-selectin
expression.

Magnolol inhibits adhesion of U937 cells to
TNF-o-stimulated HAECs

To explore the effects of magnolol on endothelial cell-
leukocyte interactions, we examined the adhesion of U937
cells to cytokine-activated HAECs under static conditions.
Control confluent HAECs showed minimal binding to U937
cells, but adhesion was substantially increased when the
HAECs were treated with TNF-o (Figure 2A). Pretreatment
of confluent HAECs with magnolol (5 uM) prior to TNF-«
treatment inhibited adhesion of U937 cells to the HAECs
(Figure 2A). Pretreatment of HAEC with 0.625, 1.25, 2.5, 5,
or 10 uM magnolol reduced the number of U937 cells
adhering to TNF-a-stimulated HAECs (number of U937
cells bound per high power field, 81.6+3.8, 753434,
64.2+4.8, 49.54+4.2, 47.843.9, respectively; Figure 2B)
compared to TNF-a-treated HAECs (84.8+6.5) (58.4 or
56.4% inhibition, respectively, at 5 or 10 uM magnolol).

Magnolol attenuates activation of NF-kB expression and
nuclear translocation of NF-kB p65 in TNF-o-stimulated
HAECs

Transcriptional regulation involving NF-xB activation has
been implicated in the cytokine-induced expression of
adhesion molecules. To examine whether magnolol inhibited
NF-kB activation, we performed gel-shift assays using a **P-
labelled oligonucleotide containing the consensus NF-xB
binding sequence. HAECs were preincubated at 37°C with
5 uM magnolol, then stimulated for 30 min at 37°C with
TNF-a. Gel shift assays showed that TNF-o treatment
resulted in the appearance of shifted bands (Figure 3A),
which were specific for NF-xB binding, as they were
undetectable when a 100 fold excess of unlabelled NF-xB
oligonucleotide was included (data not shown). Pretreatment
with magnolol reduced the density of the NF-xB shifted
bands induced by TNF-a (Figure 3A). To determine whether
NF-xB activation was involved in the pretranslational effects
of magnolol on adhesion molecule expression, we also studied
NF-xkB p65 protein levels in the nuclei of TNF-o-treated
HAECs by immunofluorescence and Western blots. TNF-u-
stimulated HAECs showed marked NF-xB p65 staining in
the nuclei, while magnolol-pretreated cells showed weaker
nuclear NF-xB expression, but stronger staining in the
cytoplasm (Figure 3B). Consistent with the in situ findings,
Western blots (Figure 3C) showed that higher levels of NF-
kB p65 protein were found in the nuclei of TNF-o-stimulated
HAECs compared to control HAECs, and that magnolol
pretreatment significantly reduced NF-xB expression (42%
expression compared to TNF-a-treated cells).

Magnolol inhibits H>O, generation in control and
TNF-o-treated HAECs

The effect of magnolol on H,0O, generation in control
HAECs was studied. Unstimulated HAECs (no added
cytokine) treated with magnolol (5 or 10 uM) showed
decreased DCF fluorescence compared to non-magnolol-
treated controls (Figure 4A). Under conditions of oxidative
stress (TNF-o stimulation), magnolol pretreatment had no
significant effect on the fluorescence measured at 15 min
(data not shown), but, at all other time-points between 30
and 60 min, there was a similar concentration-dependent
decrease in H,O, generation (result for 60 min time-point
shown in Figure 4B). As shown in Figure 4C, fluorescence
density was low in control HAECs, but increased in cells
treated with TNF-«, this effect being reduced by magnolol,
presumably reflecting decreased intracellular H,O, produc-
tion.

Magnolol attenuates TNF-o. and VCAM-1 protein
expression in the thoracic aorta of cholesterol-fed rabbits

Over the experimental period, there was no difference in
weight gain and final weight of the two groups of control or
magnolol-treated rabbits fed a high cholesterol diet. There
was also no significant differences in levels of glucose,
aspartate aminotransferase, alanine aminotransferase, blood
urea nitrogen, or creatinine or in any other biochemical
parameters. Morphometric analysis showed that the intimal
area in the magnolol-treated group was significantly less than
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Figure 2 Effects of magnolol on the adhesion of U937 cells to
TNF-o-stimulated HAECs. Control or HAEC cells pretreated for
18 h with magnolol were incubated with TNF-o (2 ng ml~! for 6 h).
(A) Representative fluorescent photomicrographs showing the effect
of pretreatment with 5 uM magnolol on the TNF-a-induced adhesion
of fluorescein-labelled U937 cells to HAECs. (B) Confluent HAECs

that in the control cholesterol-fed group
((199.194:22.68) x 10° um? versus (759.06+45.14) x 10° um?).
To study the effect of magnolol on the expression of TNF-«,
VCAM-1, ICAM-1, and E-selectin in cholesterol-fed rabbits,
immunohistochemical staining with antibodies against en-
dothelial cells (anti-vWF antibody), TNF-a, VCAM-I,
ICAM-1, or E-selectin was carried out on serial sections. In
the control cholesterol-fed group, vWF-positive staining was
seen on the luminal surface of the thoracic aorta (Figure 5A)
and strong TNF-« staining (Figure 5B) and strong VCAM-1,
ICAM-1, and E-selectin staining (Figure 5C—E) was seen in
the markedly thickened intima. In magnolol-treated animals,
the intimal area was reduced (Figure 6), but vWF staining
was present on the luminal surface (Figure 6A). Magnolol
reduced TNF-o staining of the intima (Figure 6B) and
VCAM-1 protein staining (Figure 6C), but had no effect on
ICAM-1 and E-selectin expression (Figure 6D,E). Semiquan-
titative analysis showed that the expression of TNF-o and
VCAM-1 in magnolol-treated group was significantly reduced
from 3.77+0.13 and 3.93+0.10 to 2.63+0.28 and
1.13+0.30, respectively. In contrast, there was no significant
difference in the expression of ICAM-1 and E-selectin
between the magnolol-treated group and the control group
(3.08+0.22 wversus 2.80+0.22 and 3.15+0.26 versus
3.10+0.18, respectively).

Discussion

In the present study, we found that magnolol treatment
effectively blocked VCAM-1 expression both in vitro in TNF-
o-stimulated HAECs and in vivo in the thoracic aorta of
cholesterol-fed rabbits. In addition, it inhibited the binding of
the human monocytic cell line, U937, to TNF-o-stimulated
HAECs and decreased H,O, levels in control and TNF-o-
treated HAECs.

Magnolol was chosen for testing, as it has been used as a
blood-quickening and stasis-dispelling agent in traditional
Chinese medicine. Antioxidant and anti-inflammatory actions
are two of the pharmacological properties proposed to
underlie its beneficial effects. Magnolol is 1000 times more
potent than a-tocopherol in inhibiting lipid peroxidation in
rat heart mitochondria (Lo et al., 1994) and 50,000 times
more potent than glutathione, a well-known antioxidant; it
also inhibits the generation of malondialdehyde, the end-
product of lipid peroxidation, in sperm (Lin et al., 1995). In
our previous study, we demonstrated that administration of
magnolol effectively increased the resistance of plasma LDL
from hyperlipidaemic rabbits to copper-induced oxidation in
vitro and reduced neointimal formation in cholesterol-fed
endothelium-denuded rabbits (Chen er «l., 2001b). In
addition, it reduces the number and total area of cytoplasmic
lipid droplets in rat adrenal cells (Wang et al., 2000). In this
study, we found that magnolol pretreatment significantly
attenuated TNF-o-induced VCAM-1 expression in HAECs

were preincubated with the indicated concentration of magnolol, then
incubated with TNF-o for 6 h. The data are representative of three
experiments and the values are reported as the mean number of U937
cells bound per high power field (HPF)z+s.e.mean. *P<0.05
compared to TNF-o alone.
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Figure 3 Effect of magnolol on NF-xB activation in TNF-a-
stimulated HAECs. Control cells or cells were pretreated for 18 h
with 5 uM magnolol, then stimulated with 2 ng ml~' TNF-o for
30 min at 37°C. (A) EMSA, showing the effect of magnolol on TNF-
o-stimulated HAECs. Nuclear extracts were prepared and tested for
DNA binding activity of NF-xB. A representative result from three

and that magnolol treatment also reduced VCAM-1 expres-
sion and resulted in less thickening of the intima in
cholesterol-fed rabbits. These findings are consistent with
the hypothesis that endothelial dysfunction, such as dis-
turbances in adhesion molecule expression, plays an
important role in atherogenesis.

In our previous study, we demonstrated that TNF-o-
treated endothelial cells show significant expression of
VCAM-1, ICAM-1, and E-selectin (Chen et al., 2001a). The
present study demonstrates that TNF-o-induced VCAM-1
expression was significantly reduced in HAECs pretreated
with magnolol, whereas the expression of both ICAM-1 and
E-selectin was unaffected. Consistent with our results, Marui
et al. (1993) reported that, in human umbilical vein
endothelial cells (HUVECs), pyrrolidine dithiocarbamate
(PDTC) markedly attenuates TNF-o induced expression of
VCAM-1, but not of ICAM-1 or E-selectin. Cominacini et al.
(1997b) reported that probucol pretreatment of HUVECs
significantly reduces the expression of VCAM-1 and ICAM-1
induced by oxidized LDL (oxLDL), this effect being
significantly greater for VCAM-1 than for ICAM-1. Probucol
also substantially abrogates LPS-induced E-selectin expres-
sion in HUVECs, whereas ICAM-1 expression is not affected
(Kaneko et al., 1996). The difference between the above
results may be related to differences in cell types (HAECs and
HUVECs) and the cytokines and inducers (TNF-¢, oxLDL,
and LPS) used. This is the first report in which HAECs have
been used as a model to study the effect of magnolol on the
expression of cell adhesion molecules.

In the case of receptor-mediated signals, such as TNF-a,
the initial intracellular signals activated by the interaction of
the ligand with the receptor are unlikely to be affected by
magnolol. This implies that, while VCAM-1, ICAM-1, and
E-selectin share common regulatory signals immediately after
receptor activation, the final regulatory signals are mediated
by gene-specific signal transduction mechanisms. The precise
molecular mechanism(s) why ICAM-1 and E-selectin gene
expression escapes inhibition by magnolol treatment is an
important unresolved question.

The magnolol-induced decrease in monocyte-EC adhesion
has important implications in terms of atherogenic mechan-
isms, as well as in the treatment of atherosclerosis. In our
previous study (Chen et al., 2001b), magnolol was shown to
significantly reduce areas of atheroma, MCP-1 expression,
and the area occupied by macrophages and smooth muscle
cells in the aorta of cholesterol-fed endothelium-denuded
rabbits. Atherosclerotic lesions result from the accumulation
of foam cells of monocyte/macrophage origin within the
arterial intima (Joris et al., 1983; Faggiotto et al., 1984). On
the basis of the probable involvement of VCAM-1 in
monocyte recruitment to early atherosclerotic lesions, our
findings suggest an additional mechanism by which magnolol
may be involved in preventing the progress of atherosclerosis.

A key component of TNF-z-inducible adhesion molecule
expression is the redox-sensitive transcription factor, NF-xB
(Lenardo & Baltimore, 1989). In the present study, we

separate experiments is shown. (B) Immunofluorescent staining for
NF-xB p65. (C) Western blotting and densitometry of NF-xB in
nuclear extracts of HAECs. The results are representative of three
separate experiments.
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Figure 4 Effect of magnolol on intracellular H,O, production in HAECs. (A) HAECs in 48-well plates were incubated for 18 h
with 0, 1.25, 2.5, 5, or 10 uM magnolol, washed three times with HBSS to remove magnolol, then DCFH-DA was added to the
wells. After 45 min incubation at 37°C, DCF fluorescence was measured. The data are the mean+s.e.mean of three independent
experiments (with separate endothelial cells isolates) performed in triplicate. * P<0.05 compared to the magnolol-untreated control.
(B) Effects of magnolol on H,O, generation by TNF-a-stimulated HAECs. HAECs in 48-well plates were preincubated for 18 h
with 0, 1.25, 2.5, 5, or 10 uM magnolol, then stimulated with 2 ng ml~! of TNF-o for 1 h. Fluorescence readings were taken at
15 min intervals over a period of 60 min; only the 60 min result is shown. A significant difference (P <0.05) compared to control
samples was seen after 60 min. (C). Fluorescent images of representative control, TNF-a-treated, and magnolol + TNF-a-treated
HAECs.
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Figure 5 Immunohistochemical staining for VWF, TNF-a, VCAM-1, ICAM-1, or E-selectin protein expression in serial sections of
thoracic aortas from cholesterol-fed rabbits. The lumen is uppermost in all sections. The internal elastic membrane is indicated by
an arrow. Strongly positive VWF staining was seen on the luminal surface (A), and strong staining for TNF-« (B), VCAM-1 (C),
ICAM-1 (D), and E-selectin (E) was seen in the markedly thickened intima.
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Figure 6 Immunohistochemical staining for vVWF, TNF-¢, VCAM-1, ICAM-1, or E-selectin protein expression in serial sections of
thoracic aortas from magnolol-treated cholesterol-fed rabbits. The lumen is uppermost in all sections. The internal elastic membrane
is indicated by an arrow. Positive vVWF staining was seen on the luminal surface (A). Weak staining for TNF-o (B) and VCAM-1(C)
was seen in the less thickened intima. The intensity of ICAM-1 (D) and E-selectin (E) staining was similar to that in the control

cholesterol-fed rabbits.

demonstrated that TNF-« activates NF-xB expression in
endothelial cells, suggesting that the upregulation of VCAM-
1 expression in response to TNF-o is mediated by this
transcriptional factor. However, NF-xB is a ubiquitously
expressed multiunit transcription factor that is activated by
diverse signals, possibly via phosphorylation of the IxB
subunit and its dissociation from the inactive cytoplasmic
complex, followed by translocation of the active dimer, p50
and p65, to the nucleus (Ghosh & Baltimore, 1990).
Antioxidants, such as NAC and other cysteine derivatives,
inhibit the NF-xB-driven transcription of HIV-1 and HIV-1
viral replication (Mihm et al., 1991). In several immortalized
cell lines, NF-kB is activated by diverse stimuli, such as TNF-
o, IL-1p8, LPS, and PIC, and inhibited by the antioxidants,
PDTC and NAC (Schreck et al., 1992). Our study
demonstrates a similar pattern of antioxidant (magnolol)-
sensitive inactivation of VCAM-1 expression and NF-«B-like
activity in HAECs.

While our studies support the notion that NF-xB factors
are necessary to activate VCAM-1 gene expression in
endothelial cells (Iademarco et al., 1992; Neish et al., 1992),
they raise important questions about the role of NF-xB in E-
selectin and ICAM-1 expression. Based on DNA transfection
analysis of deleted promoter constructs of the E-selectin gene,
a cis-acting promoter element, which contains a NF-xkB
consensus binding site, has been found to be required for IL-
1p transcriptional activity (Ghersa ez al., 1992). However, we
found that magnolol did not inhibit E-selectin induction.
Magnolol inhibition of NF-xB activation, but not of E-
selectin expression, argues against NF-xB transcriptional
factors being essential components in E-selectin gene

activation. Similarly, these inducible factors may not be
essential for activation of ICAM-1 expression, despite the
presence of NF-xB consensus DNA binding sites on the
ICAM-1 promoter (Degitz et al., 1991).

Several lines of evidence indicate that ROS are implicated
in the activation of NF-«kB and act as a common second
messenger in various stimulus-specific pathways leading to
NF-xB activation (Muller et al., 1997; Sen & Packer, 1996).
For example, the potent antioxidants, PDTC and NAC,
block NF-kB activation (Schreck et al., 1992; Weber et al.,
1994), not only by H,O, and ionizing radiation, but also by
nonoxidizing stimuli (Weber et al., 1994). Cominacini et al.
(1997a,b) reported that ox-LDL or TNF-« increases the
expression of adhesion molecules on endothelial cells via NF-
kB activation, and that the effect is inhibited by the presence
of compounds with radical scavenging activity, and propose
that NF-xB-mediated adhesion molecule expression follows
activation by multiple radical-generating systems. The current
study shows that magnolol can directly scavenge H,O, and
significantly decrease the amount of H,O, generated by
HAECs under steady state or oxidative stress conditions.
Based on the results of the present study, we propose that the
inhibitory effect of magnolol on VCAM-1 expression and
NF-xB activation may be due to its antioxidant properties
and that it acts by directly scavenging H,O,. In addition,
reduction of lipid peroxidation by magnolol may also
contribute to NF-xB inactivation. However, the critical steps
in the signal transduction cascade of NF-xB activation by
ROS remain to be determined.

In conclusion, this study provides the first evidence that
magnolol reduces the expression of VCAM-1 adhesion

British Journal of Pharmacology vol 135 (1)



46 Y.-H. Chen et al

Magnolol attenuates VCAM-1 expression

molecules both in vitro and in vivo and also decreases
leukocyte adhesion to HAECs. The present data show that
magnolol inhibits TNF-a induced NF-xB activation and the
resultant VCAM-1 expression via a pathway that involves
ROS formation. Since monocyte recruitment into the
vascular wall after their adhesion to endothelial cells is a
crucial step in the pathogenesis of atherosclerosis, our study
implies that antioxidants may have an, as yet, unexplored
therapeutic potential in the prevention of atherosclerosis.
Thus, magnolol may have an additional beneficial effect in
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